In the present study, stress analysis of fiber reinforced thin composite shafts subjected to unbalance excitation and steady torque, is carried out. Shafts of uniform as well as variable wall thickness are considered. The shaft is modeled as a simply supported Timoshenko beam in which shear deformation, rotary inertia and gyroscopic effects have been included. Modified equivalent modulus beam theory has been adopted. Rayleigh-Ritz displacements are used for deriving the solution equations. Shafts with a uniform wall thickness, and with variable wall thickness in which the thickness is varied along the axial length of the shaft for three different cases of fiber angles have been studied. Axial variation of stresses is studied in detail. Results obtained indicate that the stresses in the variable wall thickness are smaller than the one with uniform wall thickness, even for the same weight of the shaft.
In the present study, stress analysis of fiber reinforced thin composite shafts subjected to unbalance excitation and steady torque, is carried out. Shafts of uniform as well as variable wall thickness are considered. The shaft is modeled as a simply supported Timoshenko beam in which shear deformation, rotary inertia and gyroscopic effects have been included. Modified equivalent modulus beam theory has been adopted. Rayleigh-Ritz displacements are used for deriving the solution equations. Shafts with a uniform wall thickness, and with variable wall thickness in which the thickness is varied along the axial length of the shaft for three different cases of fiber angles have been studied. Axial variation of stresses is studied in detail. Results obtained indicate that the stresses in the variable wall thickness are smaller than the one with uniform wall thickness, even for the same weight of the shaft. Substituting the coefficients from the vector {X} in Eq. (4), we obtain the displacement field v, w, c and /3 in cartesian coordinates of Fig The stresses induced by the transmitted torque are evaluated separately by determining the shear strain 7xO-Tt/(2rcrZmtG), and then using stress strain relation [11] . The total stresses are then calculated by superimposing the stresses due to the unbalance response and transmitted torque.
In Eq. (9) u, v, w on LHS denote displacements in x, 0, r coordinates, respectively, while 9 and on RHS denote displacements in cartesian coordinates as shown in Fig. 1 . The strain-displacement relations for thin shell are (Singh and Gupta, 1996) Fig. 5(a) ).
Results for case A show that the maximum stress induced at mid-span of the variable shaft operated at the same speed as the uniform shaft (third criterion) is reduced by about 61%. However, this percentage is decreased to 3% if the variable shaft is operated at 10% below its first critical (second criterion). Variable shafts corresponding to the cases B and C show a reduction in the maximum stresses by about 61% and 55% for the third criterion and by 1% for the second criterion. The reduction in the maximum stresses induced in the variable wall thickness shaft for the second criterion can be explained by the increase of the shaft stiffness as a result of increasing the shaft wall thickness at the middle segment. However, the reduction of maximum stress in the variable wall thickness shaft corresponding to the third criterion is due to increase in the shaft stiffness as well as due to increase in separation margin from the shaft first critical speed. stress Crxx and r00 at the ends of the shaft are not zero. This can be explained as follows. Since shear stress is not zero at the shaft ends, coupling mechanism present in outer plies of cases B and C, i.e., the 15 and 30 plies, respectively, produces normal stresses, which is not the case in 0 ply ofcase A. The magnitude of the stresses at end of the shaft depends on the degree of coupling mechanism present in that particular ply. This is clear from Fig. 5(d 
Stresses Induced due to Unbalance
Excitation and Transmitted Torque A steady torque of 100 N m is applied to the shaft, and stresses induced in different plies for uniform and variable wall thickness shafts are evaluated.
In general a transmitted steady torque induces shear stress only in metallic shafts; however, the case here is different. For a composite shaft transmitting a certain amount of steady torque, the shear strain induced in the shaft gives rise to normal stresses which are dependent on the coupling mechanisms present in a particular ply. In the present analysis, the stresses induced due to unbalance excitation and transmitted torque for the same cases of Fig. 5 (a)-(d) are superimposed. In 0 ply angles the applied torque does not produce any stresses in the fiber direction or perpendicular to the fiber direction. However, this is not the case for other ply angles. In Fig. 6 (a) the normal stress (Crxx and or00) induced in the outer ply of case A (0 ply) remains the same as that of case A due to unbalance excitation only ( Fig. 5(a) ). However, in the presence of coupling, i.e., cases B, C and base ply of case A (Fig. 6(b)-(d) ), the normal stresses (ax and a00) induced in the outer plies increase. In Fig. 6 (d) the stresses induced in the base ply at the shaft ends of the variable shaft corresponding to case A are more than that of the uniform shaft. This can be explained from the fact STRESSES IN COMPOSITE SHAFTS 243 that in this case, i.e., for 45 ply angle, the shear stress is maximum and the coupling mechanism is strongest.
In Fig. 6(a) - (d) The interlaminar stresses induced in the shaft crosssection at the mid-span due to unbalance excitation and transmitted torque for the case A are shown in Fig. 7 (a) and (b). The uniform and variable wall thickness shafts are operating at 2397 rpm.
Results of Fig. 7(a) show that for a 0 ply and shaft subjected to unbalance excitation only, there is no shear stress at the mid-span. Application of steady torque gives rise to shear stress, while the normal stresses remain unaffected ( Fig. 7(b) ).
Observations for the base plies 45 are different, in which the application of a steady torque is found to increase the shear stress as well as the normal stress. It is seen (Fig. 6(d) (1) Varying the wall thickness of the shaft (as per Fig. 3 
increases the natural frequency by about 12-17%. The modification in shaft wall thickness as per Fig. 3 has predominant effect in the first mode. The trend of variation of stresses in the axial direction is different compared to the case of metallic shafts. Except for the shear stress 0-x0) in the in 0 plies, the stresses are maximum at the mid-span and minimum at the shaft ends. This is because of coupling mechanisms present. In 0 ply the variation of normal stresses (Crxx and or00 is similar to that of bending stresses in a metallic shaft.
In all cases, it is observed that maximum stresses due to unbalance excitation (U) and unbalance excitation and transmitted torque (U+T) are less and uniform in the axial direction for the variable wall thickness case as compared to uniform wall thickness case.
Results show that the variable wall thickness design is superior to the uniform wall thickness design for both unbalance excitation and torque transmission.
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